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Abstract 
Frequently interrupted by dense clouds during the operational period, the thermal performance of parabolic trough solar 
collectors will experience considerable variations. Therefore, both theoretical and experiment studies were developed to analyze 
the dynamic thermal performance under the condition of dramatically varying direct normal solar irradiance ( DNI ) based on 
energy balance equations and a thermodynamics analysis. Particularly for a closed system, this unfavorable weather condition 
leads to the variation in the outlet temperature of parabolic trough solar collectors. Consequently, both of main factors which 
impact on the running status of the whole system are coupled to make heat transfer processes complex. In order to eliminate 
important errors due to fluctuations of the outlet temperature and DNI, the differential control volume methodology was used to 
model the solar irradiance in each volume based on the time intervals of the data acquisition system. 
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1. Introduction 
Being supposed to replace the energy exchange equipment for consuming the fossil fuel, parabolic trough solar 
collectors belong to the most promising solar thermal technologies. They have been successfully used in commercial 
and demonstrational applications which include industrial processes, concentrating solar power plants, solar 
desalination plants[1], solar chemistry, solar hydrogen production, solar cooling[2] and so on. Unlike the fossil fuel, 
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solar resources on the earth lack the steadiness and continuity mainly because of the complex variation in the 
moving clouds in the atmosphere. Therefore, the determination of the thermal performance of on-site parabolic 
trough solar collectors under the treacherous condition of the varying solar irradiance is very important for the 
observation, operation, safety monitor, evaluation and certification of collector applications in consideration of the 
consequent variation in the collector outlet temperature. 
 
Nomenclature 
a Algebraic constant, s 
Aa Aperture area, m2 
Ab Cross-sectional area of the steel tube, m2 
Aam Heat loss area from the steel tube to the ambient, m2 
Af Heat transfer area from the steel tube to the HTF, m2 
b Algebraic constant, s 
c Algebraic constant , ˉ 
cf Specific heat capacity of the HTF, J/(kg °C) 
Cb Thermal capacity of the steel tube, J/°C 
d Algebraic constant, 1/°C 
e0 Algebraic constant, °C m2/ W 
e1 Algebraic constant, °C m2/( W °) 
e2 Algebraic constant, °C m2/( W °2) 
f Focal length of the collector, m 
Gcos Direct normal solar irradiance vector normal to the aperture plane, W/m2 
GDN Direct normal solar irradiance, W/m2 
Geni Effective direct normal solar irradiance, W/m2 
L Collector length, m 
p Number of control volumes, ˉ 
Rba Overall heat transfer resistance from the steel tube to the ambient, °C/W 
Rbf Overall heat transfer resistance from the steel tube to the HTF, °C/W 
S Effective incident solar irradiance, W/m2 
Ta Ambient temperature, °C 
Tb Steel tube temperature, °C 
Tf HTF characteristic temperature, °C 
Tfo Collector outlet temperature, °C 
Tfi Collector inlet temperature, °C 
Uba Overall heat loss coefficient from the steel tube to the ambient, W/(m2 °C) 
Ubf Overall heat transfer coefficient from the steel tube to the HTF, W/(m2 °C) 
v Velocity of the heat transfer, m/s 
ȡ Reflectance of a reflecting surface for solar radiation, ˉ 
Șa Collector efficiency based upon aperture area, ˉ 
Șend Collector end loss efficiency, ˉ 
ȘIAM Incident angle modifier, ˉ 
ș Incident angle, ° 
Ĳ Time, s 
Ĳp Characteristic flow time, s 
Ĳs Sampling time, s 
(ĲĮȖ)n Effective transmittance̢absorptance̢intercept factor product at normal incidence, ˉ 
220   L. Xu et al. /  Energy Procedia  69 ( 2015 )  218 – 225 
2. Optical analysis 
The parabolic trough solar collector consists of the trough-shaped reflectors and the receivers as shown in Fig. 1. 
The receiver usually is known as the heat collection element (HCE) which is positioned along the focal line of the 
parabolic cylinder of the reflector supported by the steel frame. The parabolic reflector rotated by an electric or 
hydraulic drivetrain concentrates the beam solar radiation onto the heat collection element. The HCE, as shown in 
Fig. 2, mainly includes the outer glass envelope, the inner stainless steel tube with a selective surface coating, and 
the vacuum annulus to protect the coating from oxidation and reduce the convective heat losses. 
 
Fig. 1. Schematic of the parabolic trough solar collector. 
 
Fig. 2. Schematic of an evacuated tube receiver (HCE). 
Based on the structural features of parabolic trough solar collectors described above, an energy balance equation 
for the inner stainless steel tube of the HCE is established by using the lumped capacitance method, as expressed in 
Eq. (1). 
   DEEDDPIEEIIDEE 778$778$6$G
G7&  
W
         (1) 
Where, S is the effective incident solar irradiance which refers to the optical character of parabolic trough solar 
collectors and is given by 
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In Eq. (2), GDN is the direct normal solar irradiance ( DNI ) which can be measured by a pyrheliometer; ȡ(ĲĮȖ)n is 
the peak optical efficiency when the direct solar rays are perpendicular to the collector aperture and it refers to the 
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reflectance of a reflecting surface, the transmittance and absorptance of the HCE and the intercept factor described 
by Duffie and Beckman[3]; ș is the incident angle between the sun’s direct rays and the normal to the collector 
aperture plane[4]; ȘIAM is the incident angle modifier which needs to be determined by the experiment[5]; Șend is the 
end loss efficiency caused by the off-normal incident angle as expressed in Eq. (3). 
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Fig. 3. Control volumes of the HCE. 
With the aim of eliminating the fluctuating solar irradiance caused by the unfavorable cloud, based on utility-size 
parabolic trough solar collectors, the effective direct normal solar irradiance, Geni, is proposed by using the 
differential control volume methodology. The number of control volume of the HCE depends on the velocity of the 
heat transfer fluid, the length of the parabolic trough solar collector row and the time intervals of the data acquisition 
system, as showed in Fig. 3. As expressed in Eq. (4), Geni accounts for the cumulative impact of the directly 
measured GDN, the cosine foreshortening of the collector aperture and the end loss of solar collectors. 
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Fig. 4. Yanqing parabolic trough solar collector test system. 
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3. Experiment 
The experimental test system has a 96-meter-long row of parabolic trough solar collectors tracking the sun from 
the east in the morning to the west in the afternoon with a horizontal north-south axis, located at Baidaling Solar 
Thermal Power Experimental Plant in Yanqing, Beijing, China, as shown in Fig. 4. A weather station records the 
meteorological data including the ambient temperature, the direct normal solar irradiance as showed in Fig. 5 and so 
on at 5-second intervals. 
 
Fig. 5. The measurement of solar irradiance in the weather station. 
 
Fig. 6. Measured data for (a) solar irradiance; (b) inlet and outlet temperatures; (c) ambient temperature; (d) flow velocity. 
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The measured data in the whole experiment process, as showed in Fig. 6, include the solar irradiance, the inlet 
and outlet temperatures, ambient temperature and the flow velocity of the heat transfer fluid which is the synthetic 
oil including the biphenyl oxide and biphenyl in the test facility. By the way, for the thermal efficiency of parabolic 
trough solar collectors, direct normal solar irradiance vector normal to the aperture plane, Gcos, is normally to used, 
which is the product of the DNI and the cosine value of the incident angle[6], therefore it is also calculated and 
drawn in Fig. 6 (a). This unfavorable weather condition shows the direct normal solar irradiance was frequently 
interrupted by the floating dense clouds and the outlet temperature experienced considerable variations caused by 
the dramatically varying solar irradiance, albeit the ambient temperature and the flow velocity did not change 
enormously. 
4. Discussion and results 
In order to make a clear comparison to determine how the number of control volumes impacts the calculation of 
the thermal performance of parabolic trough solar collectors at the operational condition of the considerably varying 
solar irradiance, four characteristic times for the flow of the heat transfer fluid through the entire collector row are 
selected and they are 0s, 20s, 60s and 100s respectively. In addition, the instantaneous efficiency of parabolic trough 
solar collectors based upon the aperture area is defined in Eq. (6) to demonstrate the transient thermal performance. 
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Based on four different characteristic flow times, the difference values between the effective direct normal solar 
irradiance and the measured direct normal solar irradiance are calculated, as showed in Fig. 7 (a), to give the 
obvious relationship between the actual and observed input powers for parabolic trough solar collectors. The overall 
level of the deviation from the measured solar irradiance is approximate 100 W/m2 although for many points sharp 
variations occur, and the scattered points based on the longest characteristic flow time, 100s, are relatively few as 
well as their values are relatively small. Moreover, the instantaneous efficiency of parabolic trough solar collectors 
mainly exists between 45% and 20% in Fig. 7 (b), which shows the values based on the Gcos and Geni without 
consideration of the characteristic flow time respectively almost agree with each other at the same time because Geni 
is the product of Gcos and Șend when the characteristic flow time is 0s. 
 
Fig. 7. (a) Difference between Geni and GDN; (b) Instantaneous efficiency. 
With the purpose of the sufficient explanation for the impact of the effective direct normal solar irradiance, the 
governing equation for the dynamic test method developed by Xu et al.[7] as expressed in Eq. (7) is used to predict 
(a) (b) 
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the collector outlet temperature, and then compare the cumulative effectivity caused by different characteristic flow 
times.  
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Where, character parameters e0, e1, e2, a, b, c and d are identified with the multiple linear regression. 
 
Fig. 8. Predicted outlet temperature. 
 
Fig. 9. Relative error between predicted and measured outlet temperatures. 
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Figure 8 offers four predicted outlines of the collector outlet temperature by using different characteristic times 
and they show that the more obviously changing prediction when the less characteristic flow time is used. 
Especially, when the characteristic flow time is 0s, the predicted outlet temperature considerately exceeds the 
measured data in Fig. 4(b) whereas the predicted values based on 100s show the reasonable result.  
Furthermore, relative errors between predicted and measured outlet temperatures in Fig. 9 provide a clear 
description: the relative error within ±5% shows that the effective direct normal solar irradiance based on 100s plays 
an essential role in reducing the extreme uncertain prediction of the outlet temperature of parabolic trough solar 
collectors while other predictions obviously underestimate at the beginning and then overestimate the outlet 
temperatures with comparison with measured ones. Therefore, the reasonable selection of the characteristic flow 
time which matches the flow status of the heat transfer fluid through the distance between the inlet and outlet is a 
significant factor to characterize the transient thermal performance of parabolic trough solar collectors under the 
condition of dramatically varying direct normal solar irradiance. 
5. Conclusions 
Under the condition of dramatically varying direct normal solar irradiance, both theoretical analysis and 
experimental data show the thermal performance of parabolic trough solar collectors will experience considerable 
variations and even may be expressed with the unreasonable transient evaluation such as more than 100% 
instantaneous efficiency. The effective direct normal solar irradiance with the characteristic flow time matching the 
velocity of the heat transfer fluid and the length of the parabolic trough solar collector row can effectively solve the 
difficulties brought about by the fluctuating solar irradiance. The predicted results suggest that the valid selection of 
the characteristic flow time in view of the flow status through parabolic trough solar collectors gives a reliable 
estimate of the transient thermal performance even on a heavily overcast day. 
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